The degree of the inoculum effect shown by the new beta-lactam antibiotics with Pseudomonas aeruginosa was investigated, and the aptibiotics were divided into three groups based upon the observations. The group 1 antibiotics (cefotaxime, moxalactam, cefoperazone, azlocillin, piperacillin, and aztreonam) demonstrated a large inoculum effect, were poorly bactericidal, produced aberrant, plongated bacilli, and did not inhibit the increase in turbidity of high inocula during an 18-h incubation. The group 2 antibiotics (ceftazidime and ticarcillin) were slowly bactericid&ll, caused minimal formation of aberrant, elongated bacillij, and slowly decreased the turbidity of high inocula. The group 3 antibiotics (imipepem and gentamicin) were bactericidal, did not cause the formation of elongated bacilli, and decreased the turbidity of high inocula rapidly. Data are presented which suggest that the inoculum effect seen with the group 1 beta-lactam antibiotics is related to (i) the poor intrinsic axitibacteriCidal activity of these antibiotics for P. aeruginosa at the inocula tested and (ii) failure of these antibiotics to inhibit the formation of aberrant and filamentous bacilli, which can result in increased bacterial mass and turbidity.
increased bacterial mass and turbidity.
The phenomenon of inoculum effect is described as the significant increase seen in the MIC of an antibiotic when the inoculum size used in the testing is increased. The importance of such a phenomenon was first stressed by Luria in 1946 (11) . The inoculum effect has been studied most extensively in staphylococci, in which antibiotic destruction by beta-lactamase was largely responsible for this phenomenon (3, 17) . The inoculurp effect has recently attracted widespread interest tdue in part to the recent proliferation of new beta-lactam antibiotics which demonstrate a variety of degrees of the inoculumn effect (4, 6, 7, 17; K. R. Comber, K. E. Griffin, A. R, White, and R. Sutherland, Abstr. 12th Int. Congr. Chemother., Florence, Italy, p. 86-88, 1981) .
FQr Pseudomonas aeruginosa, the inoculum effect with the new beta-lactam antibiotics has been particularly noticeable between inocula of 106 and 108 CFU/ml (1) . Whether this inicrease in the MIC is due to the occurrence or development of a few resistant bacilli that can be found occasipnally only a,mong high inoctila of bacteria or to the destruction of the drug with higher bacterial densities, as has been observed previously with' other gram-negative rods (18) , has not as yet been resolved. Both of the suggested mechanisms have been documented to occur in certain test str,ains and against some beta-lactam antibiotics by other investigators (6, 16) . There may also be other explanations for the observed increase in antibiotic resistance when testing is done with large inocula. Our study was designed to determine the mechanism(s) of Determinations of MICs at high inocula (5 x 107 and 5 x 108 CFU/ml) were particularly difficult with cefotaxime, moxalactam, cefoperazone, aztreonam, azlocillin, and piperacillin. With these antibiotics, all wells showed some increased turbidity after an 18-to 24-h incubation as compared with control wells containing Formalin and the same bacterial inoculum. As expected, turbidity increased, and bacterial growth occurred in wells containing low concentrations of these beta-lactams, with a green pigment appearing in these wells (Fig. 1) . In wells containing higher concentrations of these antibiotics, the contents, though not grossly cloudy, were still more turbid than the Formalin control wells, and the colony counts in these wells had decreased only minimally from that of the starting inoculum ( Fig. 1 ). Gram stains of the well contents showed many filamentous bacillary forms. Thus, at high inocula the MIC points were not distinct with these antibiotics and only a visual approximation or "apparent" MIC could be obtained. In Fig. 2 the changes in MICs at various inoculum sizes are plotted for the test antibiotics. The MICs of piperacillin, cefoperazone, moxalactam, and aztreonam increased dramatically when the inoculum was raised from 5 x 107 to 5 x 108 CFU/ml ( Fig. 2A ). Similar increases were seen for cefotaxime and azlocillin (data not shown). Extended 48-h incubation of piperacillin, azlocillin, and cefoperazone, but not cefotaxime, moxalactam, and aztreonam, produced increased turbidity and green pigmentation in all wells, even when the inoculum was 5 x 105 CFU/ml. This difference observed between the antibiotics within group 1 during prolonged incubation appeared to correlate with the degree of antibiotic degradation, and this phenomenon can be observed with some group 1 antibiotics at all inoculum sizes ( Table 2) . With ticarcillin and ceftazidime, the turbidity of the nonpigmented wells containing antibiotic concentrations higher than the apparent MIC was equal to that of the Formalin control wells during early incubation. By 24 h, these nonpigmented wells showed a marked decrease in turbidity as well as in the number of viable organisms. The MICs of these antibiotics (Fig. 2B ) appeared to rise less with increasing inoculum sizes than those antibiotics designated as group 1 ( Fig. 2A) . Gram stains of the contents of wells with high concentrations of beta-lactams showed only a minimal formation of aberrant filamentous bacilli.
Imipenem and gentamicin demonstrated clear and distinct MIC endpoints as early as 6 h, and all wells containing antibiotic concentrations equal to or greater than this concentration appeared less turbid than the Formalin control wells. The colony counts of the well contents confirmed the rapid bactericidal activity of these antibiotics. Gram stains of the contents of those wells containing the MIC or higher of antibiotics failed to show any formation of aberrant filamentous bacilli. Increases in the size of the inoculum appeared to alter the MIC results very little (Fig. 2B) (Fig. 3) Optical density studies. The group 1 antibiotics (piperacillin and cefoperazone) failed to inhibit the development of turbidity of a high inoculum (Fig. 4) . HOURS to greater than a threefold increase in the number of organisms. However, the actual number of organisms was unchanged or even slightly decreased (Fig. 3) . The increase in optical density must have been due to aberrant elongation of the bacteria. Tubes containing 500 ,g of group 2 antibiotics (ceftazidime or ticarcillin) per ml had a small transient rise in turbidity after 3 h of incubation, which was followed by a decrease in turbidity by 6 h. Tubes containing 10 pLg of gentamicin per ml or 500 pg of imipenem per ml (group 3 agents) showed a progressive decrease in turbidity after 3 h (Fig. 4) . Radionuclide studies. Radioactive amino acids were incorporated normally into pseudomonas in the absence of antibiotics. In the presence of 500 ,ug of cefoperazone or piperacillin per ml (group 1), bacterial uptake of amino acids continued, even after 6 h of antibiotic exposure, indicating active metabolism by the aberrant filamentous organisms (Fig. 5) . In contrast, bacteria exposed to imipenem or gentamicin had reduced uptake of radioactive mixed amino acids immediately, and after 6 h, the uptake ceased. In bacteria exposed to ticarcillin or ceftazidime (group 2), the uptake of amino acids was intermediate between that of group 1 and group 3 antibiotics (Fig. 5) . DISCUSSION The clinical relevance of MIC results obtained with an inoculum of 105 CFU/ml may be questioned because most infected sites contain bacteria at a higher density (2) . In principle, in vitro susceptibility testing methods should simulate those conditions encountered clinically, and the results should correlate with the clinical efficacy of the antibiotic. Attempts to perform susceptibility determinations at higher bacterial densities have produced enormously high MICs, a phenomenon known as inoculum effect, for many cell wall-active antibiotics (4, 6, 17; Comber et al., Abstr. 12th Int. Congr. Chemother., 1981).
There was poor correlation in our experiments between drug inactivation and the degree of inoculum effect. Signifia a (Fig. 4) . The turbidity which developed despite high antibiotic concentrations was apparently due to an increase in mass of aberrant bacilli. An abrupt increase in the magnitude of the inoculum effect was particularly noticeable between an inoculum size of 107 and 108 CFU/ml in group 1 antibiotics. This may be due to the fact that 107 CFU/ml has a turbidity just below our visual detection limits, and any small increase in bacterial mass would result in frank turbidity and in a reading of bacterial "growth." Antibiotics in this group included certain third-generation cephalosporins (moxalactam, cefotaxime, cefoperazone), certain antipseudomonal penicillins (piperacillin, azlocillin), and a new monobactam (aztreonam) . With type 2 activity, as typified by ceftazidime and ticarcillin (group 2 antibiotics), slow bactericidal activity was observed. The colony counts decreased 3 logs or more in 12 h from an initial inoculum of 105 or 108 CFU/ml. Although some aberrant bacterial forms were briefly noted, no significant increase in turbidity occurred at any time points examined, and the magnitude of the inoculum effect was small (Fig. 4) . With type 3 activity, as typified by imipenem and gentamicin (group 3 antibiotics), the colony counts decreased by 3 logs in 6 h, no aberrant filamentous bacterial forms were seen, and no inoculum effect was observed.
An apparent explanation for the production of the elongated aberrant forms by some beta-lactams may be that the antibiotic binds to penicillin-binding protein 3 (PBP 3) but not to PBP1 and 2. Recent work on ceftazadime, an antibiotic which we find to have type 2 activity with P. aeruginosa, confirms the existence of a transient period in which aberrant filamentous bacilli are formed, followed by a reduction in colony counts (8) . This sequence of events is associated with sequential ceftazidime binding to PBP 3 and 1. It was found that PBP 3 was bound by ceftazidime at a lower antibiotic concentration than PBP 1, which when bound would itself result in bacterial lysis (8) .
At all inocula, but most noticeably at large inocula, antibiotics with type 1 activity did not demonstrate a real MIC on close comparison with a Formalin control well, apparently because of the development of filamentous forms. Although there was an apparent cessation of bacterial multiplication as determined by quantitative subcultures, the continued uptake of amino acids and the observed elongation of bacilli indicate that the bacterial cells were still metabolically active. The data suggest that an increase in the total bacterial mass from bacterial elongation occurred even though the count of viable bacteria may actually have shown a slight decline. It is obvious that agents of this group would produce a wide gap between the apparent inhibitory and bactericidal antibiotic concentrations when tested at the standard inoculum. Indeed, we found the MBC level could not be achieved by group 1 antibiotics.
Consideration of the type of activity displayed by an antipseudomonal antibiotic may well be clinically important. Results of treatment of P. aeruginosa pyelonephritis in mice appear to support the view that antibiotics which are rapidly bactericidal are more effective (A. S. Beale, K. R. Comber, and R. Sutherland, Abstr. 12th Int. Congr. Chemother., p.
668-669, 1981)
. Similar results have been demonstrated in P. aeruginosa sepsis or pneumonia in animal models (10, 14, 15) . Although the exact meaning of the observations in vitro and in animals is unclear, the data as a whole suggest that if inoculum effect should have clinical significance, then the differences observed in the type of activity between the three groups of beta-lactams may also be clinically significant.
